Manual lifting is a necessary aspect of many industrial tasks; however, there is strong evidence that workrelated lifting and forceful movements are associated with low back disability and other musculoskeletal injuries. 1, 2 In the United States, low back disorders are one of the most costly physical health conditions in industries; 3, 4 it has been estimated that the annual costs, including direct and indirect expenditures such as workers' compensation, loss of wages, loss of productivity, and loss of tax revenues, are as high as $45-54 billion. 5 Due to this economic burden, considerable research has occurred in the area of lifting and safe lifting practices.
The Personal Lift-Assist Device (PLAD) is an external on-body ergonomic aid developed at Queen's University that is designed to decrease the workload of the erector spinae musculature during lifting. 6 Through the use of spring elements located adjacent but offset from the erector spinae, the PLAD acts as a synergist to the muscles of the low back and hips. 7 During forward bending or lifting, the spring elements of the PLAD change length thus storing energy, which is then released during trunk extension, consequently reducing spinal forces and moments, 8, 9 localized muscular fatigue, 10, 11 and erector spinae muscular demand. 12, 13 Although establishing device effectiveness is critical, it is also important to assess whether the PLAD is safe before recommending it for long-term use. One important concern when discussing the PLAD is its effect on lifting technique. Recently, principal component analysis (PCA) has been applied to three-dimensional joint angles from this dataset to assess how lifting technique was altered by PLAD use when lifting one load equivalent to 10% of maximum isometric back strength. 14 When wearing the PLAD, individuals adopted a more squat-like technique with greater ankle and knee flexion and less lumbar and thoracic spine flexion. 14 However, it is also important to assess any effects the PLAD may have on interjoint coordination.
Interjoint coordination is a term used to describe the relative timing of joint movements and muscle activity during human actions and mobility tasks. 15 Research in this area has been predominantly carried out in the fields of motor behavior and control; [16] [17] [18] fewer studies have looked at interjoint coordination from a biomechanical perspective, [19] [20] [21] specifically in terms of lifting. BurgessLimerick et al 22 were the first to use relative phase angle to quantitatively represent interjoint coordination during complex lifting movements.
Early studies regarding lifting and coordination indicate there is a tendency to extend the legs before the back as the load lifted increases in magnitude. 23 Other studies also support this notion that coordination of lifting is affected by the magnitude of the load being lifted 15, [24] [25] [26] and the duration of lifting. 27 However, despite the knowledge that interjoint coordination does exist during lifting, it is less well understood why it is important and how it may affect safe lifting practices. When considering previous bodies of work, it has been hypothesized that interjoint coordination may serve to reduce joint stress, maintain balance, and reduce muscular Note. Height and weight between groups were significantly different as determined by a t test.
effort. [28] [29] [30] [31] Although it has yet to be proven, the general consensus is that it is more beneficial to have synchronous interjoint coordination. 32 With respect to on-body ergonomic aids and interjoint coordination, Nimbarte et al 32 found that wearing a back belt during lifting caused knee-hip and lumbarthoracic trunk coordination to become less synchronized and the hip-trunk to become more synchronized. More recently, Agnew 33 found that wearing an older and less advanced iteration of the PLAD significantly affected lumbar spine-hip and lumbar spine-knee interjoint coordination, causing more synchronous coordination patterns, which were noted as not being necessarily better, just different. The primary objective of the current study was thus to explore interjoint coordination changes that users adopt when wearing a newer iteration of the PLAD, through the use of traditional relative phase angle quantification in conjunction with the use of PCA. Secondary objectives of the study were to assess how changes in load affect interjoint coordination, as well as to assess whether interjoint coordination differences between sexes 30 become negligible when lifting loads proportional to their strength capabilities.
It was hypothesized based on previous research that wearing the PLAD would result in more synchronous interjoint coordination patterns. 33 It was also hypothesized that increases in load magnitude would reduce synchronicity. [23] [24] [25] [26] Finally, based on the findings from Sadler et al, 34 who assessed sex-based differences in lifting technique under varying load conditions using this dataset, it was hypothesized that there would be no coordination differences between sexes when load magnitude was individualized based on strength capabilities.
Methods

Participants
Thirty participants with no previous experience in manual materials handling were recruited to participate in this study. All participants were healthy and had no history of low back pain (Table 1) .
Experimental Procedures
Participants were first required to attend an orientation session consisting of (1) providing proper informed consent as approved by the University Health Sciences Research Ethics Board, (2) familiarization with the testing protocol and wearing the PLAD, (3) obtaining general anthropometric measures, and (4) performing a maximum back strength test using a modified functional capacity evaluation system (Arcon Vernova Inc., Saline, MI, USA). 10, 14, 34, 35 During testing, participants were required to perform a freestyle, symmetrical-lifting protocol using a blockbalanced design that equally randomized load (0% and 10% maximum back strength) within the randomized device (PLAD/No PLAD) condition. Joint kinematic data were collected using a two-camera Optotrak 3020 system (NDI, Waterloo, ON, CA) at a frequency of 100 Hz. These data were used to calculate three-dimensional joint angles of the ankle, knee, hip, and lumbar and thoracic spine using Euler rotations. 14 However, in the current application, only two-dimensional flexion-extension angles were used for the knee, hip, and lumbar spine. Six infrared-emitting diode (IRED) triads and two isolated IREDs were positioned on participants' right lower limb and spine, in addition to eight virtual markers for calculation of ankle, knee, and hip joint centers and used to compute transformation matrices between the surface marker triads and their corresponding anatomical coordinate systems. 14, 34 Participants lifted two instrumented handled boxes under the two load and device conditions from a target on a table (positioned at 50% of participant's height) to a target on the floor, and back to the table (Figure 1 ). Thirty continuous lift cycles were completed in each trial, at a rate of 10 lifts per minute. 14, 34, 35 
Data Processing
Custom Matlab software (The MathWorks, Natick, MA, USA) was used for all data processing and analyses. Joint angles were calculated using a three-dimensional Euler rotation sequence (flexion-extension, lateral bending, and internal-external rotation). The three-dimensional sign convention for the lower limb joint angles followed an anatomically based coordinate system as per Deluzio and Astephen. 36 Triad coordinate systems on the custommade fins at S 1 , T 12 , and C 7 were used to assess spinal kinematics. 14, 34 The bases of the fins covered several vertebrae to ensure movement of the fins were representative of the spine's movement, and not one single vertebra. Angular velocity in the sagittal plane was calculated using the finite-differences method before further analyses. 37 All sagittal plane angular positions and velocities of the knee, hip, and lumbar spine were normalized to 101 points corresponding to 0 to 100% of the lift cycle using a shape-preserving cubic spline. An analog switch on the box provided a change in voltage each time the box was placed on a surface. This made it possible to split a single trial of 30 continuous lifts into 30 single lift cycles. To ensure steady-state motion was achieved, the first five lifts were ignored. The remaining 25 lifting waveforms were ensemble averaged to give a single representative waveform for each participant; this occurred after ensuring that fatigue was not a confounding variable by ensemble averaging and visually comparing the first five and last five lifts for each subject under each condition. The end result was an average flexion-extension angular joint position and velocity waveform for each participant for each ergonomic aid and load condition.
As suggested by Burgess-Limerick et al, 22, 28 interjoint coordination was quantified using the relative phase angle between the hip and knee, as well as between the lumbar spine and hip. To achieve this, the angles and angular velocities for the hip, knee, and lumbar spine were normalized from -1 to 1 (min and max) in accordance with Burgess-Limerick et al. 22 The normalized angular position was plotted against the normalized angular velocity of the same joint to create a phase plane plot (Figure 2 top) . Using these plots, one can visualize the phase angle relative to the positive x-axis, which was quantified using the four-quadrant inverse tangent function in Matlab (atan2) (Figure 2, middle) .
The final quantification of interjoint coordination was achieved by calculating the relative phase angle. This was accomplished by subtracting the phase angle of the more distal joint from the phase angle of the more proximal joint (Figure 2 bottom) . In the present case, a negative relative phase angle indicates that the proximal joint leads the distal joint. Relative phase angle was then plotted as a function of 100% of the lift cycle. The relative phase angle waveform for the duration of the lift was analyzed using PCA together with traditional discrete waveform measurements (mean, minimum, maximum).
Statistical Methods
Principal component analysis was applied to the relative phase angle waveforms using custom Matlab software (The MathWorks, Natick, MA, USA). In PCA the correlated variables are linearly transformed into a set of uncorrelated variables. 38 In this application, PCA was applied to an n × p matrix, where n is the participants and p is the variables, which are the 101 normalized time points of the ensemble-averaged relative phase angle waveform for each participant. This resulted in 120 × 101 matrices for the hip-knee and lumbar spine-hip relative phase angles. The 120 rows corresponded to the two load conditions (0% and 10% maximum back strength) for each device condition (PLAD and No PLAD) (30 subjects × 4 conditions = 120 rows).
For data reduction purposes, three PCs were retained for both the hip-knee and lumbar spine-hip models (six total); determined using Cattell scree test plots 39 ( Figure  3 ). The retained PCs were then entered into mixed-design repeated-measures ANOVAs to test for significant differences (P < .01). The mixed-design involved withinsubject factors of device (PLAD/No PLAD) and load (0% / 10% maximum back strength), and a between-subject factor of sex (male/female). Identical statistical procedures were repeated for the discrete RPA measurements (mean, maximum, minimum).
For interpretation of those PCs found to statistically differ across conditions, two approaches were used: (1) inspection of associated loading vector plots and (2) inspection of plots of the mean temporal waveform across all experimental conditions, bounded by the contribution of a single PC pattern of variance, which is scaled by one standard deviation of the group PC-scores. [40] [41] [42] This technique differs from the more common method of examination of extreme score subject waveforms [43] [44] [45] in that the variance contributions of other PCs being examined are excluded. 40, 42 
Results
The mixed-design repeated-measures ANOVAs revealed significant effects of device and load on several discrete coordination measurements for both the hip-knee and lumbar spine-hip (Table 2 ). Males and females were grouped together for presentation purposes due to a lack of statistical differences for any of the parameters. The PLAD and load magnitude were both seen to significantly affect the coordination of the hip-knee in both the down (minimum relative phase angle) and up (maximum relative phase angle) phases of the movement cycle. Conversely, for lumbar spine-hip coordination, load significantly altered the mean and maximum relative phase angle, whereas the PLAD only affected the maximum relative phase angle (up phase of the movement cycle).
For the three retained PCs from the hip-knee coordination model, only PC1 was found to have a significant effect on device and load; there were no significant effects of sex or significant interactions ( Table 3 ). The loading vector for PC1 demonstrated a large positive for the first half of the movement phase (lowering of the box), crossed zero (box is on bottom target), and then exhibited a large negative for the second half of the movement phase (lifting of the box) (Figure 4 ). This PC was interpreted to be a difference or amplitude feature, such that a low score indicates less synchronized movement with a larger negative relative phase angle during the first half of the movement cycle and a larger positive relative phase angle during the second half of the movement cycle. In other words, low scorers lead more with the hip when lowering, and lead more with the knee while lifting, whereas high scorers demonstrated a more neutral relative phase angle throughout the entire lifting cycle. When wearing the PLAD, subjects scored higher on PC1 and thus had more synchronized hip-knee motions; conversely, when lifting the 10% load under both device conditions, subjects scored lower and were less synchronized. These data were confirmed with the discrete minimum and maximum values discussed above.
Significant effects of load were seen on PC2 and PC3 and significant effects of device were seen on PC1 and PC3 of lumbar-spine hip coordination (Table 3) . Once again, no significant effects of sex or interactions were found (Table 3 ). Similar to PC1 of the hip-knee model, PC1 of lumbar spine-hip coordination was interpreted to be a difference or amplitude feature ( Figure 5A ). Low scorers on this PC demonstrated more synchronized motion during both the down-and up-phases of the movement cycle; when wearing the PLAD, users scored significantly lower (more synchronized) than when not wearing the device. This was confirmed with the significantly lower maximum discrete value. PC2 of lumbar spine-hip The position-velocity normalized to a unit circle of the knee and hip joints. 46 The arrows represent the direction of the phase angle throughout the lift cycle. (Middle) The phase angle of both the knee and hip joints on a scale of 0 to -360°. (Bottom) The hip-knee relative phase angle was calculated by subtracting the knee phase angle from the hip phase angle. A negative angle indicates that the proximal joint is leading the distal joint.
coordination was interpreted to be a magnitude feature as the loading vector of this PC exhibited a large positive during the down-and up-phases of the lift ( Figure 5B) . High scorers on PC2 demonstrated more synchronized motion during the down-phase, but less synchronized motion during the up-phase of the lift. Participants scored significantly higher on PC2 when lifting the heavier 10% load, which was captured with the upward shifted mean value. Finally, PC3 of the lumbar spine-hip model ( Figure  5C ) was determined to be a phase-shift feature, where low scorers tended to become less synchronized earlier in the down-phase and later in the up-phase. Subjects scored significantly lower on PC3 when lifting without the PLAD and when lifting the heavier load.
Discussion
The objective of this study was to explore subjects' interjoint coordination when wearing the PLAD under two load conditions during a freestyle lift. Principal component analysis was used in conjunction with traditional methods to investigate differences in relative phase angle waveforms. Principal component models were created for hip-knee and lumbar spine-hip coordination, which resulted in six total PCs being retained to explain the majority of the variance in the waveforms. It is important to recognize that, while the results of both the PCA and traditional discrete variable methods are in agreement, the use of PCA provides researchers with the knowledge of temporal and quantitative differences in waveforms in their entirety; conversely, traditional methods only provide knowledge of discrete points within the waveform, possibly allowing for significant differences to be missed. 43 Results from past ergonomic aid-related coordination research 32, 33 are in support of the findings of the present work, where the PLAD significantly affected interjoint coordination. When subjects flexed forward (down phase), for both the lumbar spine-hip and hip-knee model, the proximal joint lead the distal joint; this pattern was reversed for the up-phase of the movement, where the distal joint lead the proximal joint. Therefore, similar to previous studies, when lowering the box, joint rotations began with the lumbar spine, followed by the hip, followed by the knee. The opposite order was observed throughout the lifting of the box. Furthermore, similar to Agnew, 33 the PLAD caused users to lift with more synchronized interjoint coordination when compared with lifting without the PLAD. A possibility for the increased synchronicity is thought to be the result of the increased tension applied by the PLAD while forward flexing. 33 The Figure 3 -Cattell scree test plots for the hip-knee and lumbar spine-hip PC Models. As the Eigenvalues drop with increasing number of components, the curve makes an elbow (dotted line) when the rate of decline decreases. Scree test plot states that this is the point in which further components should be dropped. 39 more synchronized movement when wearing the PLAD in the study by Agnew 33 was not stated as necessarily being better, but simply different. However, assumptions have been made in previous literature that more synchronous interjoint coordination patterns are associated with decreased risk of injury; 32 more research is still needed to determine an ideal coordination pattern while lifting. This more synchronous interjoint coordination when combined with improved lifting technique 14 confirms that the PLAD is likely a safe on-body ergonomic aid in regards to lifting kinematics. Previous studies on interjoint coordination and lifting have found that increasing the load magnitude affects the coordination of particular joints in a relatively continuous and systematic fashion, where the lower limbs tend to lead the lumbar spine during the up-phase of lifting. [23] [24] [25] [26] This study found that increasing the load magnitude significantly affected both hip-knee and lumbar spinehip coordination in such a fashion: (1) the hip led the knee and the lumbar spine led the hip more during the down-phase of the lift, and (2) the knee led the hip and the hip led the lumbar spine more during the up-phase of the lift. Thus, the decreased interjoint coordination synchronization between the hip-knee and lumbar spine-hip with increases in load magnitude seen in this study are in agreement with previous literature. 24, 28 Contrary to the previous work by Lindbeck and Kjellberg, 30 which found that females had more synchronized coordination of the hip-knee than males during leg lifts (squatting), the current study did not find any differences between sexes. The primary reason for the lack of coordination differences between males and females is likely due to the fact that the load lifted in the current study was scaled to individual strength characteristics, which was not done by Lindbeck and Kjellberg 30 who had preselected absolute loads (in kilograms) for males and females. Using this same dataset, Sadler et al 34 looked at lifting technique differences between males and females using PCA and found that, although load significantly affected lumbar spine flexion and hip rotation, there were no technique differences between sexes. Thus, it appears that by standardizing load to individual strength characteristics, both coordination and lifting technique differences between sexes may become negligible. The authors recognize limitations within this study. A single spring element in the PLAD was used for all participants; therefore, based on anthropometry and load differences, participants did not receive equal "help" from the PLAD. Graham et al 12 addressed this shortcoming in PLAD research by developing an equation to customize the amount of spring stiffness required on an individual basis to ensure that, regardless of differences in anthropometry, all participants received similar assistance. Unfortunately, due to recent changes in the springs used in the PLAD, this equation did not apply in this study. However, the spring stiffness provided to all subjects in this study was chosen based on the average spring stiffness calculated for the Graham et al 12 study. Despite this limitation, the PLAD's spring stiffness used here was still shown to be effective at reducing lumbar flexion 14 and changing interjoint coordination.
The strength of the current study lies in the successful demonstration of the application of PCA to investigate interjoint coordination, thus allowing differences between the PLAD/No PLAD, load/no load, and male/female conditions to be explored in their entirety throughout the duration of the lift. It is concluded that the PLAD is an ergonomic aid that allows for more synchronous interjoint coordination during a freestyle lift with relatively light loads and is deemed a safe on-body ergonomic aid in regards to lifting kinematics.
